The effect of electromagnetic field on agricultural characteristics, yield and health conditions of corn hybrids was assessed using biophysical methods, in order to improve production and health of maize grain (Zea mays L.) for human consumption. The seed was exposed to electromagnetic field at an intensity of 480 mT. Hybrids San Juan and San Jose and five times of exposure (3, 6, 9, 12 and 15 min) were evaluated, as well as a (non-irradiated) control, in a completely randomized block design. On average, grain yield of 9 tons per ha was obtained. With 12 min exposure to electromagnetic field, plant height increased by 0.56% and stem diameter by 3.19%; likewise, yield per hectare was 6.03%, equivalent to 550 kg per ha, compared to the non-irradiated control. San Jose yielded 8.79% more, with 12 min exposure to electromagnetic field, and San Juan 6.52% more, with 6 min. In grain, an average 23% of Fusarium spp. and 19% of Fusarium moniliforme were quantified. The presence of Fusarium spp. diminished by 33.69 and 13.04% compared to the control, with 3 and 12 min of exposure to electromagnetic field.
INTRODUCTION
In 2011, world corn production was 883.5 million tons, 78.5% of which were produced by the USA, China, Brazil, Argentine, Ukraine, India, Mexico, Indonesia, France and Rumania. Mexico produced 17.6 million tons (2% of world production) (FAO, 2012a; SIAP, 2012) . In 2009, 113.9 million tons were utilized for the elaboration of food with per capita consumption of 17.1 kg; in Mexico, the consumption was higher (120.5 kg person -1 per year) with 330 g per capita day -1 , providing 45.4 and 37.4% of energy and protein required by the human body (FAO, 2012a) . In Latin-American countries, the United States, and others, there is significant progress in the consumption of maize products. In 2009, the USA utilized 41.5% of their maize production to produce ethanol (FAO, 2012b) , blue corn is used to produce organic cornmeal, fried food (Serna, 2004) and anthocyanins, able to prevent cancer (Cortés-Gómez et al., 2005) ; yellow corn is utilized to make balanced animal food and fried food, *Corresponding author. E-mail: rzb0509@hotmail.com. Tel: 015959212738 ext. 193. and white corn is used in a great variety of foods such as tamales, tortilla chips, atole, nixtamalized cornmeal and tortillas (Muñoz, 2005) . In 2009, Mexico used 13.5 million tons for human consumption (FAO, 2012a) , especially tortilla made with grain produced in Mexican fields or imported, that on occasions have field or storage fungi, which may cause damage to human health (AnguianoRuvalcaba et al., 2005; Méndez and Moreno et al., 2009) .
Despite the importance of maize, several studies point out diminution in annual yield mean rates worldwide, as well as in most of the producer countries (FAO, 2012b) . Therefore, it is necessary to increase yield and grain quality through efficient use of inputs and natural resources. One alternative may be the use of environmentally-friendly techniques like electromagnetic irradiation, as it is reported that it can improve corn grain quality (Zepeda-Bautista et al., 2011) and wheat yield (Pietruszewski and Kania, 2010) . Agricultural techniques have been utilized in order to improve maize kernel production, which on occasion have damaged the environment. In simple parent crossing, hybrids H-47AE, H-50AE, and H-51AE in their androsterile and fertile versions, at applying 150-70-40 kg ha -1 of N, P, and K, respectively, increased yield by 18.3% compared to the control (Tadeo-Robledo et al., 2012) .
Likewise, grain yield increased in corn genotypes with 165 and 300 kg N ha -1 in comparison to the control (Boomsma et al., 2009 , and 11.8 and 10.9 t ha -1 for common maize varieties. During its development, harvest, conditioning, and storage, corn grain is contaminated by pests and fungi. In corn-producing regions in Sonora, Mexico, 76 samples were analyzed, and Fusarium, Aspergillus, Penicillium and Alternaria were found to be the fungi of greatest incidence, as well as concentrations of fumonisins, detected in grain, fluctuated between 0.4 and 3.4 μg/g (Gallardo-Reyes et al., 2006) .
In Guanajuato, Mexico, Fusarium spp., promotes wilt in seedlings and up to adult maize plants, generally causing rot in vegetative organs, F. verticillioides and F. subglutinans mainly in maize races (Figueroa-Rivera et al., 2010 (González et al., 2007) . Ear rot caused by different Fusarium spp. is one of the most harmful foods for human and animal consumption, as well as a real challenge for achieving food innocuousness in maize production; the most important damage is caused by F. graminearum and F. verticillioides. Currently, most of the endogamic and hybrid lines are susceptible (Mesterhazy et al., 2012) ; therefore, we need to implement techniques applied to genetic improvement in order to generate resistant genetic materials or other alternatives. Biophysical methods can be a tool for improving agricultural productivity. French marigold seed exposed to magnetic field at 100 mT during 3 min improved germination and seedling vigor (Afzal et al., 2012) . In mushrooms under the same conditions, fresh weight and dry matter increased by 76.42 and 38.26%, and the days to head appearance were reduced by 26.86% ; in pea, length and dry weight of seedlings increased by 140.5 and 91.3% . Mohammadi et al. (2012) observed that canola seed exposed to laser radiation during 45 min showed significant effect on seed yield per pod and reduction of the impact of salt stress in soil. Higher accumulation of dry matter and sugar content, compared to the non-irradiated plants was observed, when radiating sugar beet seed with laser at pre-sowing (Sacala et al., 2012) . Pietruszewski and Kania (2010) indicate 12.5 and 14.5% higher wheat yield than the control, exposing it to magnetic field at a dose of 12.9 and 17.9 k J m . In order to increase production and health quality of corn as food for human and animal consumption, by using environmentally-friendly techniques, the effect of electromagnetic field as pre-sowing treatment on agricultural properties, yield and health of maize hybrid grain were evaluated.
The hypotheses were: 1) the application of electromagnetic field as pre-sowing treatment to corn seed would transfer energy, and generate bio-stimulation, which may modify the source of several physiological and biochemical processes, being reflected in plant growth and development, as well as in kernel production and health; and 2) the response of each corn hybrid will be different according to its particular genetic characteristics and to its structural and chemical seed composition. )], annual mean precipitation of 436 mm, annual mean temperature of 15.1°C (García, 1987) and clay loam soil. Twelve treatments were evaluated, product of the combination of two corn hybrids: San Jose and San Juan, and five exposure times to electromagnetic field: 3, 6, 9, 12, and 15 min at intensity of 480 mT and control (non-irradiated), in a completely randomized block design with four replications, the experimental unit was of four 5 m-long and 0.80 m-wide furrows.
MATERIALS AND METHODS

During
The corn seed was exposed to the variable magnetic field by means of a solenoid, device answering the hypothesis that the magnetic induction must be uniform on the entire surface; 200 g were placed in the middle of the solenoid. Figure 1 shows its schematic diagram; the solenoid is an original device, developed and constructed by the research team of ESIME-IPN, and in Figure Figure 1 . Schematic diagram of the solenoid (Domínguez et al., 2010) .
2, the distribution of the generated magnetic field is visualized (Domínguez et al., 2010) . The seed was radiated on April 25th 2009 and sown on the next day. Population density was 50,000 plants ha -1 , fertilized with 46 N ha -1 , using urea as nitrogen source, weeds were controlled with two herbicide applications (Primagram gold, i. a. Atrazine + S-metolaclor).
Three irrigations were carried out: one at sowing (April 29th, 2009) and the following at flowering and grain filling (V0, V18 and R2, respectively) (Ritchie et al., 1993) . Harvest was on November 14th, 2009, at physiological maturity, the environment dried up, and kernels were separated from ears by hand, and stored at a temperature of 18°C. Measurements were made: 1) halfway male flowering, days from first irrigation to reaching anthesis in 50% of plants of the experimental plot; 2) plant height, calculating the average of four plants, measured in centimeter from stem base to flag leaf ligule; 3) stem diameter at 30 cm from stem base, using a vernier and considering the average of 4 plants, and 4) grain yield; harvesting the two central rows of the plot and calculating in t ha -1 at 14%.
At harvest, 25 ears of each experimental unit were taken randomly and manually shelled when their moisture content was about 12%. Then, for evaluating health condition, the samples of sound kernels with complete structure and full ears were randomly taken and separated. The assessment was carried out in the laboratory of the Grain and Seed Research Unit of Higher Education Faculty Cuautitlan (FESC) in the National Autonomous University of Mexico (UNAM). The mycobiota test was used with agar plate (PDA) (Moreno, 1996) , grain was disinfected with sodium hypochlorite at 3%, subsequently, and it was sown in Petri dishes with PDA and placed in a chamber at 25°C for 4 days. A completely randomized block design with three replications was utilized, the experimental unit being 50 kernels. On the fourth day, presence of Fusarium spp., Penicillium spp., and Alternaria spp. was quantified and expressed in percentage. An analysis of variance was conducted by means of PROC GLM procedure of the Statistical Analysis System (SAS, 1989) , and the Tukey test (α = 0.05) of multiple comparisons of means was applied to the variables whose mean squares turned out significant. Arc cosine transformation was applied to the variables in percentage.
RESULTS AND DISCUSSION
Agronomical properties and grain yield
Among corn hybrids, significant differences (p≤0.05) for halfway male flowering and plant height were observed, on the contrary to stem diameter and grain yield (Table  1) , due to their particular genetic characteristics. Similar results were perceived by Avila et al. (2009) in the corn hybrid cultivar at High Valleys of México, Mexico. San Jose hybrid presented one more day for halfway male flowering and 3.75% greater plant height compared to that of San Juan (Table 1) . Mean grain yield was > 9 t ha -1 , major than average grain production in Mexico (2.22 and 7.51 t ha -1 ) under rainfed and irrigation conditions, respectively (SIAP, 2012).
There were no significant differences (p≤0.05) between time of exposure to the electromagnetic field at 480 mT intensity as pre-sowing treatment for agronomical characteristics and grain yield of corn hybrids (Table 1) ; this is due to the fact that seed bio-stimulation at pre-sowing did not have prolonged significant effect during the maize phenological cycle (155 days after first irrigation). This indicates that it is advantageous to con-duct application of the electromagnetic field during plant growth and development, specifically at the stages of greatest nutrient absorption, such as floral differentiation (V10), flowering (V18) and grain filling (R2) (Ritchie et al.,1993; Mills and Jones, 1996) . This can be explicated, based on Galland and Pazur (2005) who mentioned that magnetic effects on plants may be explained by energy transfer to matter containing free radicals, being attracted or repelled according to their load. Means with the same letter in each column are statistically equal (Tukey, p≤0.05). HSD, Honest Significant Difference; C. V., variation coefficient; SD, standard deviation.
Energy transfer occurs, when load in these radicals increases and they are activated, which generates biostimulation; together with improvement in germination and growth of the corn seedlings, reported by Hernández et al. (2009) and Domínguez et al. (2010) . Nevertheless, with 12 min of seed exposure to irradiation at intensity of 480 mT, an increase in plant height and stem diameter was observed by 0.56 and 3.19%, respectively, as well as 6.03% higher grain yield ha -1 , equivalent to 550 kg ha -1 with respect to the not exposed control (Table 1) .
Interaction of corn hybrids × time of exposure to electromagnetic field
The hybrids showed different response to exposure to electromagnetic field at intensity of 480 mT. Concerning plant height, the hybrids San Juan and San Jose had similar performance with application of 3, 6 and 9 min, whereas with 12 min of exposure to the magnetic field, hybrid San Jose reached the greatest height (1.44% more), compared to the non-irradiated control, and subsequently showed a decrease in plant height by 0.4% (Figure 3) . In grain yield, San Jose increased by 8.79 and by 4.39% with exposure of 12 and 15 min, respectively, compared to the yield of the control (Figure 4) , which represents 800 and 400 kg ha -1 of grain for the producer applying an environmentally-friendly biophysical method. San Juan hybrid presented its maximum yield with an exposure time of 6 min (plus 6.52%), equivalent to an increment of 600 kg ha -1 of grain. Hybrid response to electromagnetic irradiation was similar to the one observed in maize seedlings by Hernández et al. (2009) ; there is, however, little information about the effect of electromagnetic field on maize growth and production; in crops like canola, an increase of seed yield per pod was observed (Mohammadi et al., 2012) and higher yield in wheat, 12.5 and 14.5% (Pietruszewski and Kania, 2010) .
Grain health
In grain of corn hybrids, an average of 28.49% of Fusarium spp. was quantified, 19% of which were Fusarium moniliforme, and Fusarium oxysporum, and to a lesser extent Fusarium graminearum to a lesser extent (6 and 2%, respectively) ( Table 2) . Similar results were observed by Rivas-Valencia et al. (2011) evaluating ear rot severity of corn hybrids in Texcoco and Huamantla, Mexico and Gonzalez et al. (2007) (Anguiano-Ruvalcaba et al., 2005; Méndez and Moreno et al., 2009; Mesterhazy et al., 2012) .
As for Fusarium spp. percentage in maize grain, it was observed that with 3 min of seed exposure to electromagnetic field, the fungus diminished significantly (p≤0.05) by 33.69% (Table 2) , in comparison to the (non- irradiated) control, followed by 12 and 6 min with 13.04 and 10.86% less damage. For the control of F. moliniforme, we found that with 3, 6, 9, and 12 min of exposure to irradiation, the fungus in grain was reduced to 54, 34, 9 and 15% compared to the control; on the other hand, the exposure to electromagnetic field stimulated the occurrence of F. graminearum and F. oxysporum (Table 2) . Generally, we perceived less presence of Fusarium spp., irradiating the corn seed at pre-sowing; hence, applying the treatment to maize seed being produced for human diet could be an alternative method of health control.
Conclusions
The electromagnetic field used as pre-sowing treatment in seed of corn hybrids can improve plant growth and development, as well as grain yield, according to the hybrid and the time of exposure; however, the effect would be more important, when applying during the stages of higher nutrient absorption (floral differentiation, flowering and grain filling). Exposure of corn seed to electromagnetic field at pre-sowing can be an alternative method for the control of Fusarium spp. in maize grains utilized to produce food for human consumption. Every corn hybrid and Fusarium spp. responded differently to the exposure to magnetic field, according to their structure and composition. Based on the results, it is recommending the San Juan hybrid with 3 min of exposure to the electromagnetic field, as pre-sowing treatment.
